In a preceding communication1 I have suggested that we are now in a position to look more closely at the higher dynamic aspects of cardiac function in our patients. From an analogy with common experience in automobiles, it is reasonable to expect that the first sign of myoeardial weakness will manifest itself in diminished ability to accelerate the blood, that is, in diminished cardiac forces. In this study we aim to establish a clinical method of detecting abnormalities of the initial cardiac forces by means of the ballistocardiogram.
N THE studies based on our cadaver experiments we have previously concerned ourselves with clinical methods of measuring the heart's output2' 3 and its work,4 aspects of cardiac function that could be measured, when systole was simulated, with an accuracy that cannot be attained during life. To complete this line of attack we needed a similar study of the cardiac forces, which, as far as I am aware, have never been measured during life. Such a study was of especial interest to me since the ballistocardiogram, as used in this laboratory, is a recorder of force.
From the first it has been realized that the ballistocardiogram does not give a true record of the cardiac forces throughout systole.5 This is because, as systole progresses, secondary forces arise due to changes in direction and velocity of blood in the vessels. These secondary forces either compete with or reinforce the forces arising directly from the heart; so the ballistocardiogram secured during the later part of systole is the resultant of many forces. But one would expect that during a brief interval between the onset of ejection and the arrival of important amounts of blood at the aortic arch and the curve of the pulmonary artery, the ballistocardiogram would be related solely to the cardiac forces occurring simultaneously. This paper is concerned with developing a quantitative method of estimating these initial cardiac forces from certain aspects of that record. Several considerations encouraged us to make this study. First, our theoretical views of cardiac dynamics' indicate that the forces concerned with the initial acceleration of the ejected blood should have great clinical importance in judging the strength of the heart; they produce what one might call the jerk of the contraction. Second, experience suggested that such a method would provide information of great clinical interest, for the I wave of the ballistocardiogram, occurring simultaneously with these forces, varies greatly from one patient to another, tending to be low or absent in many patients with heart dis~ase. Finally, if the cardiac forces could be successfully estimated in our experiments, we would have a test of our method against known amounts-the ideal of all quantitative methodology-and we had every reason to expect such a comparison would at once disclose errors in our present conceptions regarding the genesis of the ballistocardiogram and permit us to seek for means of correcting them. Thus we could hope to define more exactly the influence of noncardiac factors, such as the height of the blood pressure, the distensibility of the vessels, and the size and structure of body tissues, on the ballistocardiogram, for there was already reason to believe that these might have some effect on the record. 6' 7 INITIAL CARDIAC FORCES IN THE BALLISTOCARDIOGRAM estimating the initial "cardiac" force applied in each of our 76 experiments. The "cardiac " forces could then be compared by statistical analysis with the forces registered by that part of the ballistocardiogram that was recorded simultaneously, and with other feactures of this record.
MATERIAL AND METHODS
The technic of the cadaver experiments has already been described. ( The clinical and autopsy findings of 6 of the 7 subjects used in this study have already been re- corded.2' 6 The other, a woman aged 50, height 159 em., weight 41.5 Kg., had died from advanced selerodermna. We were thus provided with a unique opportunity to discover whether marked change in the physical properties of the tissues would have a noteworthy effect on the ballistoeardiogrami. The other 6 subjects were normal in this respect, and they exhibited considerable differences in body size and habitus.
Five subjects were perfused with blood and 2 with water, providing a total of 76 simulated systoles for study and analysis. The remainder of our data secured on subjects perfused with water we disqualified for 1 of 2 reasons: either these data fell into the period when we were having technical difficulties getting a proper I wave on the recorded ballistocardiograms, or they were secured in early experiments in which the speed of the moving film was too slow to permit measurement of the slopes as accurate as that which could be secured in later experiments in whihll the filiim mooved twice as fast.
Of the data obtained from the 7 subjects studied we omitted those secured in only 1 systole, E.S. no. 11, because the timie record showed that the film had slipped while systole was being simulated, and the slopes could not be accurately measured. To calculate the forces employed in our various simulations of systole, one must consider the fluid in each of the 2 glass cannulas, one tied into the mouth of the aorta, the other into that of the pulnonary artery, to be divided into 3 parts, as is shown for the aortic cannula in figure 2 . The movement of fluid in part A ( fig. 2 ), as well as that of the contiguous fluid upstream in the glass tubing connecting the cannulas and syringes, and the movement of fluid within the syringes themselves, does not concern us, as all this fluid was moving at right angles with the vector in which the ballistocardiograph was recording the forces.
Forces of the Terminal Limb
The calculation of the forces concerned with the movement of fluid in the terminal limbs of the 2 cannulas ( fig. 2C) The total miass of blood concerned was therefore 49.4 Gm., the specific gravity of blood being close to 1.
The initial force concerned with motion of blood in the terminal limbs ( fig. 2C) The turning force in both cannulas is twice this amount.
I must admit that I was slow to see the rationale behind this simple calculation of turning force, which takes no account of the characteristics of the turn, whether sharp or gradual. Accordingly, with the help of Dr. Askovitz I recalculated the forces of turning by a much more elaborate method taking account of the radius of the turmi. But the result I secured was the samve as that given above; so I was reconciled. I had failed to grasp the fact that if the turn is sharp the acceleration is great hut the volume turning at any instant is small. If the turn is gradual the reverse is true. So the total turning force is independent of the radius of the curve.
The average forces applied during the initial 0.08 sec. of the simulation of systole in E.S. 10 was therefore the sum of the 2 groups of forces calculated above: con- ditions of greatly different pulse wave velocity. All from subject E.l., the curves, from left to right, are nos. 10, 11, and 9. The initial cardiac force was calculated to be 160,400, 159,600, and 160,400 dynes respectively in each. The corresponding pulse wave velocities are given under each of the records. The stroke volumes were 83, 63, and 55 ml. The standard deviation about the regression is 32,200 dynes and the correlation coefficient 0.79 whereas a value 0.29 is significants for p = 0.01. So there is no doubt that the relationship is a very strong one. This part of the ballistocardiogram is obviously in large measure determined by the cardiac forces acting simultaneously.
It is to be noted, however, that the recorded forces are lower than those applied, and one would expect this for several reasons. First, the glass cannulas lying in the outflow tracts of the 2 ventricles do not point directly headward but at an angle of about 30°from the longitudinal axis of the body. Trhe re-*Regression equations of general interest have been given numbers in series with those obtained before from the data secured in these cadaver experiments.
Qther equations have been given letters. corded forces would be somewhat smaller than those al)plied for this reason alone.
Second, our limit of 0.08 see. does not exclude all the op)posing forces due to blood movement in the aorta, as will be denlonstrated later. Finally there is every reason to expect that, in passing through material such as the body tissues, mnechanial energy would in part be converted into heat and so fail to appear in our force record. The differelnce, therefore, between the recorded ail(l applied forces is readily accounted for; I was surprised that it is as small as it turned out to be.
Factorss in the Scatte r of the Data. Turning one's attention to the scatter shown in figure  3 , one must first recall that I-wave depth was measured onlyN to the nearest millimeter, and since these waves ranged from 0 to 14.9 mm. in depttl,@ the error of measurement from this source alone is considerable. Therefore it seems evildent that in the data of subjects J.W., E.S., R.R., aiid ML., the scatter about the regression is so small that the known errors of measurement are ample to account for ollost of it. But in the data of HZ. and E.I. the scatter is very much greater. Searching for a reason for this difference, we discovered 3 experiments on subj eet E.I. in which the forces applied were almost idelitical but the I-wave depth varied 3-fold. The ballistocardiograms of these 3 experiments have been redrawn ( fig. 4 ) to illustrate the differences amionog themn. When the I wave was small the pulse wave velocity was several times that present when the I wave was larger. This sug- parison with the effect of the cardiac forces themselves, this second factor seems of minor importance. Nevertheless, we might improve our ability to estimate the initial cardiac forces .by taking it into account. But it seemed far wiser to seek to avoid this interfering factor, rather than to attempt to correct for it, and this might be accomplished by moving the point of observation closer to the onset of ejection, to a time when still less blood had reached the aortic and pulmonary arches and produced opposing forces. Therefore we considered measuring the I-wave depth 0.02 sec. after ejection began. But for several reasons it seemed much better to take as our new starting point the initial slope of the H-I segment, that is, the tangent of the angle between the H-I segment and the horizontal, the H-I angle shown in figure 1 . The implications of doing so must now be discussed.
On the Jerk of Cardiac Contraction. Since our ballistocardiograpl4 is a force recorder, the For several other reasons, the H-I slope makes a much better starting point than does a measurement of I-wave depth made at a given time. Any such measurement must be made from the record's base line so the error of placing this base line is included in the unavoidable errors of measurement. In some records the base line is difficult to place with certainty and this is far more often true in records secured in the clinic than in those of our cadaver experiments. By using the slope of the H-I segment the error involved in placing the base line is altogether avoided. The considerable error inherent in identifying the exact time of onset of ejection, if one must place the time of the observation, is avoided also. Figures 5 and 6 show the relationship between the initial forces applied and the slopes of the H-I segments of the resulting ballistocardiograms. The use of the H-I slope instead of the area of the I wave improves the correlation in every subject and also in the group as a whole (table 2). The improvement is especially conspicuous in the data from subjects E.I. and H.Z., on which the method based on I-wave area did very poorly. In each of the 7 subjects shown in figures 5 and 6 the scatter is now so small that it seems likely that the unavoidable errors of measurement account for it. The correlation between change of pulse wave velocity and change of H-I slope in the pairs illustrated in table 1 is not significant; so, if any error due to differences in vascular elasticity remains, we are unable to demonstrate it.
In figure 7 the regressions found in the data of each subject have been placed for comparison 3 . The gain in accuracy secured by correcting for differences in body size seems too small to be worth while at the present stage of our knowledge.
Despite our inability to improve the method further at this time, it seems obvious that the slope of the H-I segment affords a rough clinical method of estimating cardiac forces with an accuracy more than sufficient to permit one to take the first quantitative step; that is, to divide the field into three parts; normal, above normal, and below normal; and to identify the position of any subject in this field with a chance of error reasonably small. When interested in changes in single subjects we should do much better than this. And one should point out that this method works well despite large differences in other physiologic functions. Thus in the data from the 76 simulated systoles analyzed for this study the stroke volume varied from 83 to 18 ml., the blood pressure from 282/139 to 42/29 mm. Hg, great differences in the elasticity of the great vessels are indicated by pulse wave velocities varying from 13.0 to 3.1 M./sec., the cross section area of the aortas varied from 10.8 to 2.5 cm.2, the viscosity of the injected fluid varied from that of blood to that of water, 2 subjects had very sclerotic aortas, and in 3 the aortas were altogether normal; and these profound physiologic and anatomic differences had little if any effect on the relationship studied.
Relation of New Data to Previous Findings. Better estimation of the forces inherent in our simulations of systole has thrown new light on one of our previous findings. That the amplitude of ballistocardiograms is closely related to the acceleration of flow of the ejected blood was discovered early in these studies, and we naturally concluded that this record was determined by the cardiac forces. But in these early studies7 the square root of the ballistocardiogram amplitude, or of the areas of the I and J waves, was even more closely related to the acceleration of flow. Prof. H. C. Burger first pointed out to me that this finding was hard to reconcile with the obvious fact that the mechanical construction of our ballistocardiograph was such that one would expect it to record the forces directly, and so have a linear relation to them.
The explanation for this discrepancy is now at hand. In our former studies7 we had as- sumed that the maximum flow velocity, the integral of the acceleration of the blood ejected in our simulations of systole, had a direct linear relation to the forces applied. Estimates of the forces themselves, described in this paper, demonstrate that this is true of only part of the force applied, that due to STARR movement of fluid in the terminal limb of the cammulas; another part, the force of turning, varies with the square of this velocity. So our previous assumption, close to the truth when the forces applied were small or moderate, led to a serious underestinmation of the forces when they were maximal, and taking the square root of measurements made on the ballistocardiograms, by having its chief effect on the largest, improved the correlation. In the data described in this paper taking the square root of measurements made on the ballistoeardiograms does not improve the correlation with the forces that originated them.
In a previous study' of the pulse we reported very strong correlation (r = 0.92) between a product, the maximum ejection velocity of the aortic blood X mean aortic blood pressure, and the maximum slope of the femoral pulse wave front. We have now tried the effect of substituting the initial cardiac forces for the maximnumn ejection velocity in the relationship wsith the pulse wave front given above. The (orrelatiomi coefficient of this second relation wvas 0.85, which, when tested by Fisher's z tran.sforimiationi,s is found not to be significantly different from the value (r. = 0.92) obtained before. Obviously, the slope of the advancing pulse wave front is closely related both to the maximum velocity of the ejected blood and to the forces which bring about this velocity.
In a preliminary report9 of the present study on the ballistocardiogram we concerned ourselves with the relation between the slope of the II-I segment and the initial acceleration of the injected blood, and, after an adjustment for differences in body size, found very strong correlation between the two (r = 0.88). In this presentation we have concerned ourselves with the forces that bring about this initial acceleration. These are also closely related to the slope of the I-I segment and, without an adjustment for differences in body size, the correlation is 0.85, which is not significantly different from that of the relationship studied before.
General Considerations. Many more doetors will interpret ballistocardiograms from inspection than from measurement, and for these our results can be summarized as follows. Under most clinical conditions the normality of initial cardiac forces can be judged from the depth of the I wave. however, if the cardiac output is large and the pulse wave velocity is unusually great, the I wave may be diminished in amplitude although the cardiac forces are strong. Fortunately the likelihood of all error of interpretation is small, for this unusual situation cail be recognized at a glance; in our records an I wave, small despite large initial cardiac forces, is always followed by a large J wave. In contrast, when the I cl-ave is reduced by cardiac weakness, the J wave is reduced also.
If one bases one's judgment of the initial cardiac forces on the slope of the H-I segment, the error caused by differences in vascular elasticity is either minimized or avoided. So in reading ballistocardiograms routinely it is important to examine the record carefully for the sharp footward break of the H-I segmnent, which is such a conspicuous feature of normal records. If this sharp footward break is -not found at the time of the onset of ejection, or if its usual steep slope is replaced by a more gradual one, this is strong evidence that the heart under study is not contractimng with the jerk characteristic of hearts in good health.
Coniparisoib between Pulse acld Ballistocardiogrant as Mlethod of Detcrminting Heart Stfe/2ngth. Some of our studies made by simulating systole at necropsy have been concerned with the pulse, others with the ballistocardiogram. In the last of those concerned with the pulse,1 I pointed out the drawbacks inherent in any pulse wave method of estimatinig cardiac function. In this paper, which may well be the last of the long series, I should do the same for the ballistocardiogram. Both Under certain conditions the ballistocardiographic method encounters difficulties which the pulse method avoids. These are chiefly concerned with uncertainties which arise concerning the contribution of the two sides of the heart to the ballistocardiogram. While the contribution of the normal left heart to the ballistocardiogram outweighs that of the right by a ratio of 5 or 6 to 1,10, 1 in disease this ratio might not hold. However asynchronism of the forces of the two sides of the heart can be readily recognized by abnormal notching of the ballistocardiogram and this should put one on one's guard. In contrast, the pulse is concerned with the function of the left heart alone, and so this confusion does not arise. By moving the point of observation closer to the onset of ejection the conflict with opposing forces is minimized, so the initial slope of the H-I segment affords a better measure of the initial cardiac forces than does the depth of the I wave.
Attempts to improve the estimation of the initial cardiac force from the ballistocardiogram by consideration of the subject's height and weight resulted in only a small reduction of the scatter; so body size is evidently a minor factor. Ab le inclination del segmento iH-I on pote estimar le fortias cardiac initial, le quales causa le acceleration initial del sanguine ejicite, con un grado de accuratia equal a illo de multe bon methodos clinic.
Certe limitationes del methodo ballistocardiographic es discutite e comparate con le limitationes inherente in estimationes quantitative def function cardiac ab le pulso.
